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ABSTRACT

Prokaryotic Argonaute proteins (pAgos) widely par-
ticipate in hosts to defend against the invasion of
nucleic acids. Compared with the CRISPR-Cas sys-
tem, which requires a specific motif on the target
and can only use RNA as guide, pAgos exhibit pre-
cise endonuclease activity on any arbitrary target se-
quence and can use both RNA and DNA as guide,
thus rendering great potential for genome editing
applications. Hitherto, most in-depth studies on the
structure-function relationship of pAgos were con-
ducted on thermophilic ones, functioning at ∼60
to 100◦C, whose structures were, however, deter-
mined experimentally at much lower temperatures
(20–33◦C). It remains unclear whether these low-
temperature structures can represent the true con-
formations of the thermophilic pAgos under their
physiological conditions. The present work stud-
ied three pAgos, PfAgo, TtAgo and CbAgo, whose
physiological temperatures differ significantly (95,
75 and 37◦C). By conducting thorough experimental
and simulation studies, we found that thermophilic
pAgos (PfAgo and TtAgo) adopt a loosely-packed
structure with a partially-melted surface at the phys-
iological temperatures, largely different from the
compact crystalline structures determined at mod-
erate temperatures. In contrast, the mesophilic pAgo
(CbAgo) assumes a compact crystalline structure at

its optimal function temperature. Such a partially-
disrupted structure endows thermophilic pAgos with
great flexibility both globally and locally at the cat-
alytic sites, which is crucial for them to achieve high
DNA-cleavage activity. To further prove this, we in-
cubated thermophilic pAgos with urea to purposely
disrupt their structures, and the resulting cleavage
activity was significantly enhanced below the physi-
ological temperature, even at human body temper-
ature. Further testing of many thermophilic Agos
present in various thermophilic prokaryotes demon-
strated that their structures are generally disrupted
under physiological conditions. Therefore, our find-
ings suggest that the highly dynamical structure
with a partially-melted surface, distinct from the low-
temperature crystalline structure, could be a general
strategy assumed by thermophilic pAgos to achieve
the high DNA-cleavage activity.

INTRODUCTION

Programmable endonucleases have revolutionized genome-
editing technologies, such as molecular diagnostics and ge-
netic modification, which are critical for life science, biose-
curity, medical treatment, and environmental monitoring
(1–3). In recent years, the clustered regularly interspaced
short palindromic repeats (CRISPR)-Cas system has at-
tracted great attention, which enabled target nucleic acids
to be manipulated at a specific spot, thus leading to changes
in physical traits and achieving medical diagnostics (4–8).
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Reminiscent of the CRISPR-Cas system, Argonaute pro-
teins (Agos) are nucleic acid-guided endonucleases, which
have been proposed to be suitable candidates for a range
of biotechnological applications (9–12). Whereas Cas nu-
cleases require the presence of a protospacer-adjacent mo-
tif (PAM) or protospacer flanking site (PFS) (13), Agos are
independent of such motifs. Furthermore, Agos can uti-
lize DNA as guides that are much easier to produce and
more stable during application than the RNA guides used
by CRISPR-Cas. All the above advantages give Agos poten-
tial for easy-to-implement and high-throughput screenings
in gene editing and medical diagnostics (10–12,14,15).

Agos are widely distributed in all three domains of life
(16). Eukaryotic Argonaute proteins (eAgos) are key players
in RNA interference, while prokaryotic Argonaute proteins
(pAgos) participate in host defense by DNA interference
(16,17). Most eAgos and pAgos share similar two-lobed
structures, with the C-terminal lobe consisting of the mid-
dle (MID) and PIWI domains and the N-terminal lobe con-
taining the N-terminal and PIWI-Argonaute-Zwille (PAZ)
domains (14,18). Structural studies have identified that
pAgos bind guide strands, of which the 5′-end and 3′-end
are anchored in the barrel-like pocket of the MID domain
and the PAZ domain, respectively, sercing as a template for
binding complementary target strands (19,20). When an-
choring to the protein, the conformation of the guide strand
is organized to achieve high binding affinity to the target
strand (20–22). The binding between the guide and target
initiates in the seed region and then propagates along the
guide. After this, the 3′-end of the guide is released from
the PAZ domain, accompanied by a large conformational
change in the protein (18,19,23), and then the PIWI domain
cleaves the phosphodiester bond of the target between the
10th and 11th bases counted from the 5′-end of the guide
(19,22,24).

Although the cleavage function and overall fold among
pAgos are similar, their physiological functional tempera-
tures, Tphy, are vastly different (16). For instance, Pyrococ-
cus furiosus Ago (PfAgo) and Thermus thermophilus Ago
(TtAgo) are most active in the temperature range from 87–
99.9◦C (24) and 75–86◦C (10), respectively, while Clostrid-
ium butyricum Ago (CbAgo) (25) and Kurthia massiliensis
Ago (KmAgo) (26) display the highest cleavage activity at
human body temperature (37◦C). The intriguing question
then arises as to what structural factors control the ther-
mostability among different pAgos. To date, the structure-
function relationship of pAgos has typically been normally
derived from their crystal structures determined at moder-
ate temperatures (20–33◦C) (19,25,27). It remains unclear
whether these low-temperature crystal structures represent
the true functional conformations of thermophilic pAgos at
their physiological temperature, Tphy, which is much greater
than the temperature at which the crystal structure is deter-
mined.

In the present study, by combining synchrotron small-
angle X-ray scattering (SAXS), circular dichroism spec-
troscopy (CD spectroscopy), nano differential scanning
calorimetry (nanoDSC), differential scanning fluorimetry
(DSF), molecular dynamics (MD) simulation and biochem-
ical assays, we studied the structure, dynamics, and endonu-
clease activity of thermophilic pAgos (PfAgo and TtAgo)

and their mesophilic counterpart CbAgo as well as the tem-
perature dependences. We found that, compared to CbAgo,
the two thermophilic pAgos possess stronger intramolec-
ular interactions (salt bridges, hydrogen bonds and hy-
drophobic interactions) both globally over the entire pro-
tein and locally at the catalytic residues. Not only do these
stronger intramolecular interactions impart thermostabil-
ity to thermophilic pAgos but they could also be the key to
limiting the endonuclease activity of these proteins at mod-
erate temperatures. Furthermore, we demonstrated that, at
physiological temperatures, thermophilic pAgos are loosely
packed with a partially-melted surface, different from the
crystalline structure. In contrast, mesophilic CbAgo as-
sumes a compact conformation analogous to its crystalline
structure at its Tphy. We showed that the partially-disrupted
structure renders the two thermophilic pAgos (PfAgo and
TtAgo) a significant degree of flexibility by reducing the
strong intramolecular interactions, which could be crucial
for them to achieve high endonuclease activity at physio-
logical temperatures. To further prove this, we partially un-
folded the two thermophilic pAgos by incubating them with
denature agents and found that this indeed greatly enhanced
their DNA-cleavage activity. Further results on other ther-
mophilic pAgos suggest that the partially-disrupted struc-
ture could be a general feature for them to function under
physiological conditions.

MATERIALS AND METHODS

Protein expression and purification

A codon-optimized version of the PfAgo, TtAgo and
CbAgo gene was synthesized by Sangon Biotech (Shang-
hai, China), and was cloned into the pET28a plasmid to
construct pEX-PfAgo (TtAgo and CbAgo) with an N termi-
nal His-tag. The expression plasmid was transformed into
Escherichia coli BL21(DE3) cells. A 10 ml seed culture was
grown at 37◦C in LB medium with 50 �g/ml kanamycin and
was subsequently transferred to 1 L of LB in a shaker flask
containing 50 �g/ml kanamycin. The cultures were incu-
bated at 37◦C until the OD600 reached 0.8–1.0, and protein
expression was then induced by the addition of isopropyl-
D-thiogalactopyranoside (IPTG) to a final concentration of
0.5 mM, followed by incubation for 20–24 h at 18◦C. Cells
were harvested by centrifugation for 30 min at 6000 rpm,
and the cell pellets were collected for later purification. The
cell pellets were resuspended in lysis buffer (20 mM Tris–
HCl, 1 M NaCl, pH 8.0) and then disrupted using a High-
Pressure Homogenizer at 700–800 bar for 5 min (Gefran,
Italy). The lysates were centrifuged for 30 min at 12 000 rpm
at 4◦C, after which the supernatants were subjected to Ni-
NTA affinity purification with elution buffer (20 mM Tris–
HCl, 1 M NaCl, 200 mM imidazole, pH 8.0). Further gel fil-
tration purification using a Superdex 200 (GE Tech, USA)
was carried out with elution buffer (20 mM Tris–HCl, 1 M
NaCl, pH 8.0). The fractions resulting from gel filtration
were analyzed by SDS-PAGE, and fractions containing the
protein were flash frozen at −80◦C in storage buffer I (PBS,
pH 8.0) and buffer II (20 mM Tris–HCl, pH 8.0, 250 mM
NaCl). Buffer I was used for CD spectra and buffer II was
used for other assays. The SDS-PAGE analysis of PfAgo,
TtAgo and CbAgo are shown in Supplementary Figure S34.



Nucleic Acids Research, 2022, Vol. 50, No. 13 7531

Circular dichroism (CD) spectroscopy

The CD measurements on the evolution of the secondary
structure of ligand-free pAgos were performed in a Jasco J-
1500 spectropolarimeter with a 1 mm pathlength cell. The
signals in the far-UV CD region (222 nm) were monitored
as a function of temperature to determine the thermal un-
folding of pAgos. The concentrations of pAgos were 0.1
mg/ml in 1× PBS buffer (pH 8.0) for the various measure-
ments. The pAgos were heated in the range of 15◦C to 100◦C
with a 1◦C/min heating rate and equilibrated for 3 min at
each temperature, and the CD data were collected at 0.5◦C
intervals. For CD spectra, we used PBS buffer as solvent in-
stead of Tris–HCl buffer because the Tris–HCl buffer has a
strong CD background, which will significantly affect anal-
ysis of the CD signal of proteins (see Supplementary Figure
S33).

Chemical denaturation study of proteins

To determine the stability curves at 298 K, samples of
ligand-free PfAgo, TtAgo and CbAgo in 1× PBS buffer
(pH 8.0) were incubated with urea of different concentra-
tions ranging from 0–14 M for 24 h. Then, the far-UV CD
spectra were used to analyze the structure of the resulting
proteins at 298 K.

Differential scanning fluorimetry (DSF)

Each pAgo sample containing 2 �M of protein in a buffer
containing 15 mM Tris–HCl (pH 8.0) and 250 mM NaCl
was prepared in triplicate and added to PCR tubes. SYPRO
Orange dye available as 5000× stock (Sigma-Aldrich) was
added just before the measurement of the ligand-free pAgos
in an appropriate amount to achieve a final concentration of
the dye of 5× . The thermal denaturation of the pAgos was
monitored by exciting the SYPRO Orange dye at 470 nm
and monitoring its fluorescence emission at 570 nm using
Q-PCR (Analytikjena, Germany). The baseline correction
is used by the Opticon Monitor software available on the
PCR instrument.

Nano differential scanning calorimetry (nanoDSC)

nanoDSC measurements were performed by using Nano
DSC instruments (TA, USA). The concentration of pAgos
was 0.5 mg/ml in a buffer containing 15 mM Tris– HCl (pH
8.0) and 250 mM NaCl. All the experiments were carried
out at temperatures ranging from 10 to 110◦C with a heating
rate of 1◦C/min and under a pressure of 3 atm. The melting
curves of pAgos were subtracted from the buffer scans.

Small angle X-ray scattering (SAXS)

SAXS measurement was employed to monitor the struc-
tural evolution of pAgos during heating conditions. In-
situ synchrotron SAXS measurements were conducted at
BL19U2 beamline in Shanghai Synchrotron Radiation Fa-
cility (SSRF). The X-ray wavelength was 0.103 nm. Protein
samples were dissolved in a buffer containing 20 mM Tris–
HCl (pH 8.0), 250 mM NaCl and 2 mM DTT. The concen-
tration of samples is ∼0.3 mg/ml. Protein solutions were

loaded into the silica cell and then gently refreshed with a
syringe pump to prevent X-ray damage. The measurements
were carried out at different temperatures ranging from 10–
100◦C and samples were reloaded into the cell at each tem-
perature. In order to calculate the absolute intensity of pro-
tein, the empty cell and buffer were also measured at corre-
sponding temperatures. Two-dimensional (2D) diffraction
patterns were collected by the Pilatus 2 M detector with
a resolution of 1043 × 981 pixels of 172 �m × 172 �m.
Twenty sequential 2D images were collected with 0.5 s ex-
posure time per frame. The 2D scattering patterns were then
integrated into one-dimensional (1D) intensity curves by
using Fit2D software from European Synchrotron Radi-
ation Facility (ESRF). Frames with no radiation damage
were used for further processing. ab initio reconstruction
of protein structure by a chain-like ensemble of dummy
residues is generated by GASBOR (28). P1 (no symme-
try) and monodisperse data mode were used in generating
GASBOR model. At least 10 iterations of GASBOR pro-
grams were independently performed to validate the mod-
els. A representative of the most typical model obtained
was used in the figures. The SAXS data was compared to
atomic model by using CRYSOL software (29). The one-
dimensional data is processed by using ScÅtter and ATSAS
software. The details of SAXS data collection and analysis
are summarized in Supplementary Table S5.

Single-strand DNA cleavage assay

For standard activity assays, cleavage experiments were per-
formed in a 1:10:5 molar ratio (pAgo:guide:target). First,
800 nM pAgo was mixed with synthetic 8 �M ssDNA guide
and with a certain amount of urea, which is 0.64 M for
TtAgo, 1.28 M for PfAgo and 2 M for CbAgo in the re-
action buffer (15 mM Tris–HCl (pH 8.0), 250 mM NaCl,
0.5 mM MnCl2 for PfAgo, MgCl2 for TtAgo and CbAgo).
The solution was then preincubated at 25◦C for 24 h. Af-
ter preincubation, 4 �M ssDNA target, which was labeled
with the fluorescent group 6-FAM at the 5′-end and the
quencher BHQ1 at the 3′-end, was added to the mixture.
The cleavage experiments were performed at different tem-
peratures to obtain the temperature-dependent enzymatic
activity. All experiments were performed in triplicate, and
the fluorescence signals were traced by the quantitative real-
time PCR QuantStudio 5 (Thermo Fisher Scientific, USA)
with �ex = 495 nm and �em = 520 nm. The results were ana-
lyzed by QuantStudio™ Design & Analysis Software v1.5.1
and GraphPad Prism 8.0. For the kinetic measurements,
the parameters kcat and KM were determined by fitting the
Michaelis–Menten equation to the velocity of each reaction
as a function of the concentration of ssDNA target. Here,
eight different concentrations of the ssDNA target, rang-
ing from 0.2 to 8 �M, were used. The results were analyzed
by QuantStudio™ Design & Analysis Software v1.5.1 and
GraphPad Prism 8.0. The cleavage rate of pAgos was deter-
mined by the maximum slope of the fluorescence intensity-
time curves (see in Supplementary Figures S17 and S18).
The product concentration cp versus time was calculated us-
ing the following equation:

cp (t) = F (t) − F0

Fm − F0
× cs
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where cs is the initial concentration of ssDNA substrate, F(t)
is the fluorescence value measured at a certain time, F0 is
the initial fluorescence value of ssDNA substrate, and Fm is
the fluorescence value measured at the condition where the
substrates react with excess PfAgo at 95◦C for 30 min.

The ssDNA cleavage assay of PfAgo at 37◦C was carried
out in the reaction buffer. To obtain the partially unfolded
state in PfAgo at 37◦C, PfAgo and 6 M urea were mixed and
then incubated at 25◦C for 24 h to reach the equilibrium
state. For ssDNA cleavage, 800 nM PfAgo, 8 �M ssDNA
guide and 4 �M ssDNA target were mixed in the reaction
buffer and then incubated for 15 min at 37◦C in a thermo-
cycler. The reaction time was set as 5, 7, 10, 18, 21 and 24 h
at 37◦C. Following the different reaction times, the samples
were cooled by slowly lowering the temperature at a rate
of 0.1◦C/s until it reached 10◦C. The addition of loading
buffer (95% formamide, 0.5 mmol/1 EDTA, 0.025% bro-
mophenol blue, 0.025% xylene cyanol) at a 1:1 ratio (v/v)
stopped the reactions. The samples were then separated in
16% denaturing polyacrylamide gels and analyzed by stain-
ing with GelRed (Biotium, USA). The nucleic acids were vi-
sualized using a Tanon 3500BR (Shanghai, China), and the
data were analyzed using Quantity One (Bio-Rad, USA).

The ssDNA cleavage assay of CbAgo was carried out in
the reaction buffer. CbAgo and 2 M (0.64 M) urea were
mixed and then incubated at 25◦C for 24 h to reach the
equilibrium state. For the ssDNA cleavage experiment, 800
nM CbAgo, 8 �M ssDNA guide, and 4 �M ssDNA target
were mixed in the reaction buffer. The reaction temperature
was set as 1 h at 20, 30, 34, 37, 42 and 46◦C. Following the
different reaction temperatures, the samples were cooled by
slowly lowering the temperature at a rate of 0.1◦C/s until
it reached 10◦C. The addition of loading buffer (95% for-
mamide, 0.5 mmol/1 EDTA, 0.025% bromophenol blue,
0.025% xylene cyanol FF) at a 1:1 ratio (v/v) stopped the re-
actions. The samples were then separated in 16% denaturing
polyacrylamide gels and analyzed by staining with GelRed
(Biotium, USA). The nucleic acids were visualized using a
Tanon 3500BR (Shanghai, China), and the data were ana-
lyzed using Quantity One (Bio-Rad, USA).

Molecular dynamics (MD) simulations

Simulation of the proteins in aqueous solution. The initial
structures of PfAgo, TtAgo and CbAgo for simulations were
taken from PDB crystal structures 1Z26 (27), 4N47 (19) and
6QZK (25), respectively. It should be noted that the guide
DNA, target DNA and metal ions (Mn2+ and Mg2+) were
removed from proteins before performing MD simulation.
Two protein monomers were filled in a cubic box (see Sup-
plementary Figure S2). A large amount of water molecules
was filled into the box to mimic the experimental concen-
tration. Then, 16 chlorine counter ions were added to keep
the system neutral in charge. The CHARMM36m force
field (30) was used for pAgos, and the CHARMM mod-
ified TIP3P model was chosen for water. The simulations
were carried out at 283, 298 and 310 K. After the 4000-steps
energy-minimization procedure, the systems were heated
and equilibrated for 100 ps in the NVT ensemble and 500
ps in the NPT ensemble. The 100-ns production simulations
were carried out at 1 atm with the proper periodic bound-

ary condition, and the integration step was set to 2 fs. Sup-
plementary Figure S3 shows the 100 ns profile of poten-
tial energy as a function of MD trajectory time for PfAgo,
TtAgo and CbAgo. It was clear that the equilibration pro-
cedure was sufficient for energy minimalization of protein
structures, i.e. the proteins adopted the stable conforma-
tions with minimum energy after equilibration. The cova-
lent bonds with hydrogen atoms were constrained by the
LINCS algorithm (31). Lennard–Jones interactions were
truncated at 12 Å with a force switching function from 10
to 12 Å. The electrostatic interactions were calculated us-
ing the particle mesh Ewald method (32) with a cutoff of 12
Å on an ∼1 Å grid with a fourth-order spline. The temper-
ature and pressure of the system are controlled by the ve-
locity rescaling thermostat (33) and the Parrinello-Rahman
algorithm (34), respectively. All MD simulations were per-
formed using GROMACS 2020.4 software packages. Rep-
resentative simulation snapshots of the systems are given in
Supplementary Figure S2.

The classification of surface amino acid residues and in-
ternal amino acid residues is based on the solvent-accessible
surface area (SASA). The number of hydrogen bonds and
salt bridges are estimated from GROMACS 2020.4 soft-
ware packages. The relative content of hydrophobic residues
in the core of the protein is defined as the ratio of the num-
ber of hydrophobic residues to that of the overall internal
residues.

Simulation of the proteins in urea solution. To identify the
effect of urea molecules on the structure and dynamics of
PfAgo, we conducted a simulation of PfAgo solution in the
presence of urea. The initial structure of PfAgo was taken
from PDB crystal structure 1Z26, and one monomer pro-
tein was filled in a cubic box. The water and 6 M urea
molecules were randomly inserted into the box to mimic the
experimental concentration. Then, 8 chlorine counter ions
were added to neutralize the system. The CHARMM36m
force field (30) (version March, 2019) and the CHARMM-
modified TIP3P model were used for protein and sol-
vent, respectively. The CHARMM-compatible stream file
of urea molecules was generated by the online CGenFF
server (35,36). Then the GROMACS conversion program
‘cgenff charmm2gmx py3.py’ and CHARMM36m force
field were used to generate the urea parameters for GRO-
MACS (30). The simulations were carried out at 310 K. Af-
ter the 4000-steps energy-minimization procedure, the sys-
tems were heated and equilibrated for 100 ps in the NVT en-
semble and 500 ps in the NPT ensemble. The temperature
and pressure of the system are controlled by the velocity
rescaling thermostat (33) and the Berendsen barostat (34),
respectively. The 100-ns production simulations were car-
ried out with the proper periodic boundary condition, and
the integration step was set to 2 fs (a snapshot of the MD
simulation of (Supplementary Figure S26a) PfAgo with 6
M urea and (Supplementary Figure S26b) PfAgo in solu-
tion). Supplementary Figure S27 shows the 100 ns profile
of potential energy as a function of MD trajectory time for
PfAgo with and without 6 M urea. It was clear that the equi-
libration procedure was sufficient for energy minimalization
of protein structures, i.e. the proteins adopted the stable
conformations with minimum energy after equilibration. It



Nucleic Acids Research, 2022, Vol. 50, No. 13 7533

should be noted that 11 500 urea molecules were added
to the whole simulation system to mimic the experimental
conditions so that the NVT ensemble was used in the pro-
duction simulation to avoid system collapse. The covalent
bonds with hydrogen atoms were constrained by the LINCS
algorithm (31). Lennard–Jones interactions were truncated
at 12 Å with a force switching function from 10 to 12 Å.
The electrostatic interactions were calculated using the par-
ticle mesh Ewald method (32) with a cutoff of 12 Å on an
approximately 1 Å grid with a fourth-order spline. The sim-
ulation was performed using GROMACS 2020.4 software
packages.

To exclude the effect of simulation time on the number of
hydrogen bonds and salt bridges in proteins, we extended
the simulation time to 500 ns on PfAgo with and without 6
M urea. We calculated the number of hydrogen bonds and
salt bridges globally over the entire protein and locally at
catalytic sites. As shown in Supplementary Figures S29 and
S30, the extended simulation times do not induce further
reduction in hydrogen bonds and salt bridges.

RESULTS AND DISCUSSION

Comparison of thermostability between different pAgos and
revealing the underlying structural mechanism

The thermal stability of the three pAgos was examined by
nanoDSC, and the obtained thermal-melting curves are
presented in Figure 1A, showing that the melting temper-
atures (Tm) of CbAgo, TtAgo and PfAgo are 46, 75 and
100◦C, respectively. Moreover, the unfolding free-energy
barrier, �Gu, can be estimated from the chemical-induced
unfolding curves determined by far-UV spectra and ranks
as PfAgo > TtAgo > CbAgo (see Figure 1B and Supplemen-
tary Figure S1). Both Figure 1A and B demonstrates that
the two thermophilic pAgos have much greater thermosta-
bility than the mesophilic CbAgo.

We then compared the crystalline structures of PfAgo,
TtAgo and CbAgo reported in Refs. (19,25,27). As shown
in Figure 1C and D, all the three pAgos assume a two-lobed
molecular architecture, typical for the family of long pAgos
(14). The superposition of the crystalline structures of the
three proteins is shown in Figure 1D, revealing that they
share similar tertiary folding. However, a detailed analysis
of the secondary structures (see Supplementary Table S1)
shows that the two thermophilic pAgos have slightly fewer
loops and turns than CbAgo.

To further explore the structural factors responsible for
the thermostability, we conducted MD simulation on these
three pAgos in the apo state without guide, target DNA
or divalent cations at 298 K and analyzed the important
intramolecular interactions (a snapshot of the MD sim-
ulation of pAgos is shown in Supplementary Figure S2,
and the potential energy as a function of MD trajectory
time of proteins is shown in Supplementary Figure S3).
As shown in Figure 1E, the two thermophilic pAgos pos-
sess a much greater amount of hydrogen bonds and salt
bridges than CbAgo. In addition, the thermophilic pAgos
have stronger hydrophobic interactions inside the protein
core than CbAgo (see Supplementary Table S2). These ad-
ditional inter-residue interactions and a smaller number of

flexible loops and turns in the thermophilic pAgos will ren-
der them greater thermostability as compared to CbAgo.
Moreover, these structural factors will inevitably suppress
the structural flexibility of thermophilic pAgos, and this
was confirmed by analysis of B-factors derived from crys-
tal structures and MD (Supplementary Figures S4 and S5),
showing that the two thermophilic pAgos were globally
stiffer than CbAgo.

Furthermore, we also analyzed the intramolecular inter-
action around the catalytic region. The PIWI domain of
PfAgo, TtAgo and CbAgo adopts an RNase H-like fold
with the highly conserved catalytic tetrad of Asp-Glu-Asp-
X (DEDX, X = Asp, Asn or His) (19,24,25,37) (see the
lower panel in Figure 1D). We found that the numbers of hy-
drogen bonds and salt bridges formed between the catalytic
tetrad and the surrounding amino acid residues are signifi-
cantly larger in PfAgo and TtAgo than in CbAgo (see Figure
1F). One can thus deduce that the stronger inter-residue in-
teractions around the catalytic site in thermophilic pAgos
will provide thermostability to the catalytic region and in-
evitably rigidify the local structure. The latter is confirmed
by Supplementary Figures S6 and S7, where the B-factor of
the catalytic tetrad is indeed smaller in PfAgo and TtAgo
than in CbAgo.

It has been reported that conformational rearrangements
are essential to the cleavage process of pAgos, such as guide
binding (20,38), releasing the 3′-end guide from the PAZ do-
main after duplex propagation (19,22,39), and alignment
of catalytic residues in the PIWI domain for cleavage and
release of the cleaved target (19,22). As discussed above,
the structural flexibility of the two thermophilic pAgos is
strongly suppressed both locally at the catalytic site (Sup-
plementary Figures S6 and S7) and globally over the en-
tire protein (Supplementary Figures S4 and S5) due to
strong intramolecular interactions (Figure 1E and F) and
fewer flexible loops and turns (Supplementary Table S1).
Such structural rigidity might limit their endonuclease func-
tionality at moderate temperatures. For example, at 37◦C,
PfAgo exhibits only a small fraction (∼5%) of cleavage ac-
tivity as achieved at 95◦C (24).

The microscopic origin of the stability of thermophilic
proteins is also discussed in other simulation work (40,41).
Ref. (40) and Ref. (41) demonstrated that the electrostatic
interactions between charged residues are more favored
in thermophilic proteins to render their stability as com-
pared to their mesophilic counterparts. F. Sterpone et al.
(41) pointed out that the stability of thermophilic proteins
can be attributed to many factors, including stronger inter-
residue interactions inside the protein, i.e. enthalpy-driven
mechanisms, entropic reservoir formed by fluctuations, i.e.
the flexibility of biomacromolecules, and the role of sol-
vents. In the present study, we found that the structural flex-
ibility of the two thermophilic pAgos is strongly suppressed
both locally at the catalytic site and globally over the en-
tire protein because the thermophilic pAgos possess a larger
number of strong inter-residue interactions, including hy-
drogen bonds, salt bridges and hydrophobic interactions,
as well as fewer flexible loops and turns than mesophilic
CbAgo. This stiff structure in thermophilic pAgos could re-
duce the functional flexibility and thus may lead to low
cleavage activity at moderate temperature. The previous
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Figure 1. Structural and dynamical analysis of PfAgo, TtAgo and CbAgo. (A) Thermal denature curves of pAgos determined by nanoDSC, where the
melting temperature (Tm) values are presented. The solid arrows and dashed lines represent the onset of unfolding temperature (Ton) and the physiological
temperature (Tphy), respectively. (B) Free-energy difference between a well-folded protein and a fully-unfolded state at 298 K derived from the urea-induced
unfolding curve measured by far-UV CD spectra. The detailed procedure is presented in Materials and Methods and ref. (55). (C) Representation of the
domain architectures of pAgos. The PAZ domain, MID domain, N domain, and PIWI domain are colored in red, yellow, green, and blue, respectively.
(D) Upper panel: Superposition of the crystalline structures of PfAgo (green, PDB ID: 1z26), TtAgo (blue, PDB ID: 4n47) and CbAgo (yellow, PDB ID:
6qzk). Lower panel: Schematic diagram of the domain organization of PfAgo, TtAgo and CbAgo. (E) The density of hydrogen bonds and salt bridges in
PfAgo, TtAgo and CbAgo over the entire biomolecule obtained from MD simulation. (F) The number of hydrogen bonds and salt bridges formed between
catalytic sites and surrounding amino acid residues in PfAgo, TtAgo and CbAgo obtained from MD simulation.
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works alongside the present study all point to an impor-
tant rule that the strong inter-residue interaction, particu-
larly the electrostatic interactions, inside the protein play an
important role in stabilizing the protein and reducing the
structural flexibility.

Thermophilic pAgos takes a loosely-packed and partially-
disrupted dynamical structure under physiological conditions

Characterization by CD, DSF and nanoDSC. Although
the detailed structures of pAgos with or without substrates
have been revealed by X-ray crystallography at moderate
temperatures, the in situ characterization of the structure at
physiological temperatures has not been conducted. Here,
far-UV CD spectra were applied to characterize the tem-
perature dependence of the secondary structures of the
three pAgos without guide DNA, target DNA and divalent
cations (Mg2+ or Mn2+). Figure 2A–C displays the far-UV
CD spectra of the three pAgos measured at different tem-
peratures. The spectra of CbAgo have an explicit isochro-
matic point, where the dichroic angle, θ , at a given ab-
sorbance wavelength collapses to a single constant value at
different temperatures during the unfolding process (high-
lighted by the dashed red circle in Figure 2A). However,
such an isochromatic point is absent in both PfAgo and
TtAgo (Figure 2B and C). The presence of a well-defined
isochromatic point is crucial evidence for the two-state sce-
nario that the ensemble consists of two components dur-
ing the thermal unfolding process: the well-folded protein
and the fully-unfolded one, and the relative population of
the fully-unfolded protein is increased upon heating (42–
44). In contrast, the absence of the isochromatic point in
thermophilic pAgos implies that stable intermediate states
exist between the well-folded structure and fully-unfolded
structure during thermal unfolding (42–44).

Moreover, Figure 2D displays the thermal unfolding
curves of the three pAgos measured by far-UV CD spec-
tra by monitoring the intensity of the 222 nm wavelength
characterizing the content of the alpha helix. We found that
Tphy of CbAgo (marked by the dashed line) was lower than
the onset temperature of thermal unfolding, Ton (marked
by the solid arrow). This result suggests that CbAgo as-
sumes a non-disrupted well-folded structure under physio-
logical conditions. In sharp contrast, the Tphy values of the
two thermophilic pAgos are significantly higher than their
Ton values, which is also supported by the nanoDSC results
(see Figure 1A). Moreover, we also conducted DSF mea-
surements to monitor the change in the tertiary structure of
the three pAgos over the thermal unfolding process. Again,
as shown in Figure 2e, the DSF measurement confirms the
findings of far-UV CD spectra and nanoDSC. The obser-
vation of Tphy being higher than Ton (Figures 1A, 2D and
E) and the absence of an isochromatic point (Figure 2B and
C) in the two thermophilic pAgos indicate that they assume
stable intermediate structures at their physiological condi-
tion where some of the secondary and tertiary structures
present at moderate temperatures are disrupted. This ob-
servation is drastically different from that of CbAgo, which
takes well-folded conformations when functioning. We fur-
ther analyzed other thermophilic pAgos using DSF, includ-
ing those in Ferroglobus placidus (FpAgo), Thermococcus

onnurineus (ToAgo), Methanocaldococcus fervens (MfAgo),
and Marinitoga Piezophile (MpAgo). As shown in Supple-
mentary Figure S8, for all thermophilic pAgos studied, Tphy
was significantly higher than Ton. Hence, one can deduce
that thermophilic pAgos might generally assume partially-
disrupted structures at under physiological conditions.

The above analysis in Figures 1 and 2 was conducted on
the protein without ligands. Further far-UV CD measure-
ment was applied to monitor the secondary structure of
pAgos in complex with ssDNA guide, complementary ss-
DNA target (the nucleotide sequence of guide and target ss-
DNA are presented in Supplementary Figure S9) and diva-
lent cations (Mg2+ or Mn2+) at both 10◦C and Tphy. At Tphy,
the secondary structure of the CbAgo complex with guide
DNA, target DNA and bound Mg2+ bound resembles that
measured at 10◦C (Supplementary Figure S10a). In sharp
contrast, the secondary structure of the two thermophilic
pAgo complexes is partially melted at Tphy as compared to
that at 10◦C (Supplementary Figure S10b and c). There-
fore, the partially-disrupted structures in PfAgo and TtAgo
are intrinsic in nature at Tphy, independent of whether the
protein forms a complex with the guide, target and divalent
cations.

Characterization by SAXS. To gain further detailed infor-
mation on the dependence of the microscopic structure and
dynamics of the proteins as a function of temperature, we
conducted small-angle X-ray scattering (SAXS) on PfAgo,
TtAgo and CbAgo in solution at different temperatures in
Shanghai Synchrotron Radiation Facility (SSRF). SAXS
has been widely used to characterize the overall shape, pack-
ing and flexibility of biomacromolecules (45–47). As seen
in Supplementary Figure S11, the scattering profiles of all
three pAgos collected at 10◦C agree with those calculated
from the corresponding crystal structures using CRYSOL
software (29), revealing that all pAgos in solution at 10◦C
adopt structures mimicking the crystalline form.

Figure 3A–C displays the dimensionless Kratky plot for
PfAgo, TtAgo and CbAgo at various temperatures (the orig-
inal curves are presented in Supplementary Figure S12).
Dimensionless Kratky plots are often used to qualitatively
identify disordered states and distinguish them from the
compact globular structure (47–51). The compact glob-
ular proteins confer a bell-shaped dimensionless Kratky
plot with a well-defined maximum (e.g. see the dimension-
less Kratky plots of lysozyme in Figure 3A–C) (48–50,52).
Conversely, the dimensionless Kratky plot of an ideal ran-
dom Gaussian chain or fully unfolded protein normally
increases monotonically with q without showing any bell-
shaped peak in the low q region and does not plateau at
high q (e.g. see the dimensionless Kratky plots of intrinsi-
cally disordered protein (IDP) in Figure 3A–C) (48–50,52).
We compared the dimensionless Kratky plot of each of
the three pAgos at Tphy with respect to the corresponding
plot measured at 10◦C. As shown in Figure 3A, the di-
mensionless Kratky plot of CbAgo at Tphy is the same as
that collected at 10◦C, indicating that the mesophilic pAgo
adopts the crystalline structure under its physiological con-
dition. For PfAgo and TtAgo, when comparing to the re-
sults measured at 10◦C, the dimensionless Kratky plots at
Tphy show an explicit upthrow of the plateau at high qRg
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Figure 2. Structural analysis of tertiary and secondary structures in PfAgo, TtAgo and CbAgo at distinct temperatures obtained from far-UV CD spec-
troscopy and DSF spectroscopy. Far-UV CD spectra of (A) CbAgo, (B) TtAgo and (C) PfAgo measured at different temperatures. The insets in (A) and
(B) are enlarged views showing intersecting portions of the far-UV CD spectra. The well-defined isochromatic point is only present in (A), indicating that
the two-state scenario only works for the thermal unfolding process of CbAgo. Thermal unfolding curves of the three pAgos measured by (D) far-UV CD
spectroscopy and by (E) DSF spectroscopy. The solid arrows and dashed lines in (D) and (E) represent Ton and Tphy, respectively.

values (qRg > 3) (see Figure 3B and C). In other words, the
scattering plots at their corresponding Tphy are intermedi-
ate between that of globular protein (lysozyme) and that
of a fully unfolded protein (IDP). This comparison indi-
cates that the two thermophilic pAgos are partially melted
at Tphy (48–50,52). A plausible scheme is that the internal
packing of the thermophilic pAgos is loosening with some
of the secondary structure, and none of the domain is com-
pletely unfolded to random coils. This result is indeed sup-
ported by far-UV CD results in Figure 2 and supported
by the ab initio low-resolution structure reconstructed from
SAXS data (28) (see Figure 3D–F, the detailed comparisons
of model and SAXS data at different temperatures are pre-
sented in Supplementary Figures S13–S15, ab initio model
is presented in Supplementary Figure S16). Moreover, such
a partially-disrupted structure will inevitably increase the
overall size of the protein, which is supported by the results
of the radius of gyration, Rg, determined by the slope of the
low-q results of SAXS (52). As shown in Figure 3G, Rg of
thermophilic pAgos at Tphy is significantly larger than those
measured at room temperature, whereas CbAgo maintains
its Rg from room temperature to its Tphy (the Guinier plots
of proteins at different temperatures are shown in Supple-
mentary Figures S13–S15). We also estimated the molecular
weight (Mw) of proteins estimated from SAXS data at dif-
ferent temperatures (47). As shown in Supplementary Ta-
ble S3, the Mw of proteins at different temperatures is ap-

proximately the same with as the Mw estimated from the
amino acid sequence, which indicates that the pAgos remain
monomeric at moderate and elevated temperatures.

Furthermore, we compared the structural flexibility of
thermophilic pAgos at 25◦C with respect to that at Tphy by
applying Porod-Debye analysis to the SAXS data (45,46),
which is the product of the scattering intensity and the
fourth power of the scattering wavevector, q4·I(q). As shown
in Figure 3H and I, the q4·I(q) of PfAgo and TtAgo mea-
sured at 25 oC show a clear Porod plateau (guided by the
gray dashed line, indicating a compact rigid conformation),
whereas the profiles measured at Tphy grow continuously
without forming a plateau, revealing rather flexible struc-
tures. The above comparison in Figure 3H and I indicates
that the partially-melted structure of both PfAgo and TtAgo
at Tphy has much greater flexibility than the well-folded form
at 25◦C (45,46). In addition, we also compared the struc-
tural flexibility of CbAgo with respect to PfAgo and TtAgo
at 25◦C by the analysis of B-factors derived from crystal
structure and MD simulation. As shown in Figure 1 and
Supplementary Figure S4 and S5, the B-factors of CbAgo
are larger than those of the two thermophilic pAgos, reveal-
ing that CbAgo is more flexible at room temperature than
the two thermophilic pAgos. The results might also rational-
ize why CbAgo can achieve high cleavage activity at moder-
ate temperature, as the required flexibility might already be
achieved therein.
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Figure 3. Structures and dynamics of PfAgo, TtAgo and CbAgo at moderate and elevated temperatures obtained from SAXS. Dimensionless Kratky plots
of (A) CbAgo, (B) TtAgo and (C) PfAgo at different temperatures. The gray circles and green circles represent the SAXS data of globular protein (lysozyme,
SASDBD ID: SASDMG2) and intrinsically disordered protein (SASDBD ID: SASDEE2), respectively for comparison. The atomic model and ab initio
model of (D) CbAgo, (E) TtAgo and (F) PfAgo at 10◦C and Tphy. A comparison between the SAXS profile of proteins and the scattering profile obtained
from the model is presented in Supplementary Figures S13–S15. (G) Rg of PfAgo, TtAgo and CbAgo at 10◦C and Tphy obtained from SAXS. The Guinier
plots of proteins at different temperatures are shown in Supplementary Figure S13-S15. Porod-Debye analysis, q4I(q), of (H) PfAgo and (I) TtAgo at 25◦C
and Tphy. Transforming proteins at Tphy by q3I(q) vs. q3 (inset in Figure 3h and i) verifies that the intensity decay is no longer q–4 but q–3. The details about
the SAXS data collection and analysis are summarized in Supplementary Table S5.

The enzymatic functional role of the partially-disrupted struc-
ture of the thermophilic pAgos. Combining Figures 2
and 3 and Supplementary Figure S14–S16, one can con-
clude that thermophilic pAgos assume loosely-packed and
partially-disrupted dynamical structures at Tphy, which are
different from the compact crystalline structure determined
by X-ray crystallography at moderate temperatures. In con-
trast, the compact crystalline structure is the functional
form of CbAgo at its Tphy. The intriguing question thus
arises as to whether the partially-disrupted structure and
the high cleavage activity of thermophilic pAgos is a coin-
cidence at Tphy that both result from the elevated temper-
ature. To address this question, we partially unfolded the
structure of thermophilic pAgos by incubating them with
a certain concentration of denature agent, urea. As shown
in Figure 4A–D, the addition of urea significantly disrupts

the structure of the two thermophilic pAgos, lowers Ton by
∼5◦C (Figure 4A and B) and substantially increases their
structural flexibility (Figure 4C and D). More importantly,
such treatment also greatly promotes the cleavage activity
on the target ssDNA for TtAgo below 80◦C and for PfAgo
from 90 to 100◦C (see Figure 4E–F and Supplementary Fig-
ures S17 and S18).

Combining Figures 2 to 4, one can deduce that adding
urea and increasing the temperature can both partially dis-
rupt the structure of the thermophilic pAgos and subse-
quently enhance their DNA-cleavage activity. In contrast,
we also incubated CbAgo with urea to partially unfold it
(Supplementary Figure S19), and the obtained cleavage ef-
ficiency was significantly suppressed (see in Supplemen-
tary Figures S20, S21, S35 and Supplementary Table S4).
Hence, the partially disrupted structure only benefits the
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Figure 4. The key role of the partially-disrupted structure of thermophilic pAgos for cleavage of the ssDNA target at elevated temperatures. The thermal
unfolding curves of (A) PfAgo and (B) TtAgo with and without incubation with urea as a function of temperature obtained from DSF. The arrow indicates
the value of Ton. The CK in (A) and (B) represents the mixture of urea and dye molecules without proteins, revealing that the observed temperature
dependence of the fluorescence signals above is not caused by the interaction between the urea and dye molecules. Porod–Debye plots of (C) PfAgo and
(D) TtAgo with and without urea. Cleavage activity of (E) PfAgo with and without 1.28 M urea and (F) TtAgo with and without 0.64 M urea, which
was loaded with ssDNA guide and then incubated with ssDNA target in a 1:10:5 molar ratio (protein:guide:target). These activities are determined as
the maximum slope of the time dependence of fluorescence intensity resulting from the cleavage function before it reaches the plateau (see Supplementary
Figures S17 and S18) (65). Three samples were used for each experimental condition. The results from three independent experiments were quantified.
Error bars represent the standard deviations of three independent experiments. We note that the cleavage activity presented in (E) and (F) was obtained by
using this fluorescence method instead of gel diagram analysis, as the former is more accurate (65). The detailed procedure is presented in the Materials
and Methods. Supplementary Figure S23 is another control experiment, revealing that urea by itself cannot degrade the target ssDNA. The nucleotide
sequences of the guide and target ssDNAs are presented in Supplementary Figures S17 and S18. The cleavage activity of CbAgo incubated with 0.64 M
urea at 37◦C is shown in Supplementary Figures S36 and S37 for comparison, such a low concentration of urea at such low temperature can affect neither
the structure nor the activity of CbAgo.

functionality of the thermophilic pAgos. To further prove
that structural disruption is crucial for the functionality of
thermophilic pAgos, we examined the cleavage activity of
PfAgo and TtAgo incubated with similar amounts of urea
used as in Figure 4 but at slightly lower temperatures to pre-
vent appreciable structural disruption. As shown in Supple-
mentary Figure S22, the DNA-cleavage activity of the ob-
tained thermophilic pAgos remains intact as compared to
that without incubation with urea. Therefore, partially dis-
rupting the structure of thermophilic pAgos is the key for it
to reach the high cleavage activity, whereas the best func-
tional state of the mesophilic counterpart, CbAgo, is the
crystalline form.

For pAgos to conduct the catalytic function, it binds
to the target first and then performs the cleavage func-
tion. The intriguing question arises as to whether the
partially-disrupted structure facilitates the binding of the
thermophilic pAgos to the target or promotes the cleavage
function. Here, we quantified the biofunction of the pro-
tein by using the Michealis–Menten kinetics model (53). As
shown in Table 1, we found that kcat of pAgos is enhanced
by a factor of 2.5 by the presence of urea, whereas the effect

on KM is rather small and falls in the experimental error.
Thus, one can deduce that the partially-disrupted structure
of thermophilic pAgos primarily enhances the cleavage effi-
ciency, and does not greatly affect the affinity of the protein
to the substrates.

We extended the test to human body temperature, where
the PfAgo is incubated with 6 M urea for 24 h at 37◦C, and
the structure of PfAgo is partially disrupted (see in Figure
5A). Interestingly, the obtained PfAgo enhances the cleav-
age activity by 5-fold when observed over 24 h at 37◦C (see
in Figure 5B and C), which is >50◦C below the Tphy value of
the protein. This result is striking and firmly proves that the
partially-disrupted structure plays a key role in facilitating
the catalytic activity of thermophilic pAgos.

Partially-disrupted state in thermophilic pAgo derived from
MD simulations. To further understand how urea dis-
rupted the structure of thermophilic pAgos, we carried out
all-atom MD simulations on PfAgo with and without 6 M
urea at 37◦C to mimic the experimental conditions. The
SAXS scattering profile calculated from MD simulation
agrees quantitatively with the experimental profile (see Sup-
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Table 1. Michaelis–Menten analysis of PfAgo and TtAgo with and without the presence of urea. The results of kcat and KM are obtained from Supple-
mentary Figure S24. Means and standard deviations (error bars) were obtained from three independent measurements

Protein T (◦C) KM (�M) kcat (min–1) kcat/KM (�M–1·min–1)

PfAgo 95 0.82 ± 0.24 0.60 ± 0.058 0.73
PfAgo + 1.28 M Urea 95 1.2 ± 0.27 1.5 ± 0.16 1.3
TtAgo 70 1.5 ± 0.28 0.058 ± 0.0031 0.039
TtAgo + 0.64 M Urea 70 1.4 ± 0.33 0.14 ± 0.012 0.10

B

A C

Figure 5. Experimental results of PfAgo with and without incubation with urea at 37◦C. (A) Far-UV CD spectra of PfAgo with and without 6 M urea.
(B) PfAgo shows much greater cleavage activity after 10 h. Here, PfAgo is loaded with a 16 nt ssDNA as a guide and a 60 nt ssDNA as a target in a 1:10:5
molar ratio (PfAgo : guide : target). Products were resolved on 16% denaturing polyacrylamide gels. (C) Quantifying the effects of incubating with urea on
cleavage activity by gel SDS-PAGE analysis. Three samples were used for each experimental condition. The results from three independent experiments
were quantified. Error bars represent the standard deviations of three independent experiments. Cleavage activity determined by SDS-PAGE analysis is
not as accurate as in Supplementary Figures S17 and S18 by monitoring fluorescence. However, the fluorescence method cannot be used in this case as the
experimental time scale (5–24 h) is too long.

plementary Figure S25), demonstrating that the partially-
disrupted PfAgo obtained experimentally after incubation
with 6 M urea can be described by the MD-derived struc-
tures (a snapshot of the MD simulation box is presented in
Supplementary Figure S26, and the potential energy as a
function of the MD trajectory time of protein is presented
in Supplementary Figure S27). In Figure 6A, we compared
the most representative structure of PfAgo with (blue) and
without (red) urea derived from MD and found that the ad-
dition of urea significantly reduced the number of hydrogen
bonds and salt bridges both globally (Figure 6B) and locally
around the catalytic site (Figure 6C and Supplementary
Figure S28). Interestingly, after adding urea, the number of
remaining salt bridges and hydrogen bonds in PfAgo ap-
proximates that of pristine CbAgo (Figure 6B and C), which

will significantly promote the flexibility of PfAgo at 37◦C.
A closer examination revealed that the salt bridges and hy-
drogen bonds were mostly broken on the protein surface
due to the presence of urea (Supplementary Figure S31a),
whereas these inter-residue interactions inside the protein
core remained intact (Supplementary Figure S31b). Break-
ing these important inter-residue interactions on the protein
surface not only loosens the packing of residues, i.e. an in-
creased Rg (comparing Figure 6d and e), but also locally
disrupts some of the secondary structures. For instance, the
alpha-helix in N domain (blue circle region in Figure 6A)
and the one in linker 2 (green circle region in Figure 6A)
are melted, and the loop in the MID domain is more ex-
tended and relaxing (gray circle region in Figure 6A). Over-
all, the flexibility of the N domain, PAZ domain, MID do-
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Figure 6. MD simulation results of PfAgo with and without 6 M urea at 37◦C. (A) Superposition of the MD-derived structure of PfAgo with (blue) and
without (red) the presence of urea. The simulation system does not include ssDNA guide, ssDNA target or Mn2+. The semitransparent circles highlight
the regions where the significant changes in local structure occur when urea is added. The alignment on Calpha is achieved by using PyMOL software. The
density of hydrogen bonds and salt bridges (B) globally and (C) around the catalytic sites in PfAgo with and without urea. Phase space sampled by MD
on PfAgo (D) without and (E) with 6 M urea. RMSD is the root mean squared deviation of the structure in the first MD snapshot after equilibration.
Comparison of B-factors of (F) the overall structure and (G) catalytic residues with and without urea. (H) Conformational deviations of the N domain in
PfAgo (with or without urea) from that of the experimental functional form (i.e. the CbAgo-guide-target complex with Mg2+), defined as the root mean
squared deviations of Calpha. Here, the overall protein structure is aligned by PyMOL. (I) Structural alignment of PfAgo without (left panel) and with
(right panel) urea with respect to that of the experimental functional conformation (PDB ID: 6qzk). The N domain in PfAgo without urea, with urea, and
in the experimental functional form is highlighted in red, blue, and green, respectively.
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main, linker 2 and catalytic sites of the thermophilic pAgos
are greatly enhanced when urea is present (see Figure 6F
and G). The enhanced flexibility is further evident in Figure
6D and E, where we compared the conformational phase
space of PfAgo sampled in MD with and without urea and
found that the presence of urea can allow PfAgo to explore
a much larger conformational space. Greater flexibility is
normally assumed to be important to enhance functional-
ity (54–56). In the present case, for example, the enhanced
flexibility, particularly in the linker 2 and the catalytic re-
gion, may facilitate the propagation of the duplex between
the guide and target DNA strands (23), the conformational
restoration of the PAZ and MID domains after target re-
lease (22) and the alignment of catalytic sites necessary for
cleavage (19).

Moreover, from MD we also found that the urea-induced
structural change shifts the protein conformation toward its
functional form. As seen in Figure 6H and I, after adding
of urea, the position and orientation of the N domain in
PfAgo are adjusted closer to its functional conformation.
Here, the functional conformation of the N domain refer-
ences that in the X-ray crystalline structure of the CbAgo-
guide-target complex in the presence of Mg2+ (25), where
the N domain is ready to unwind the duplex of the guide and
target after cleavage (57,58). The above finding suggests that
surface-disrupted structures might lower the energy cost for
such an important functional step. Similar analysis by ref-
erencing the position and orientation of the N domain in
the X-ray structure of the TtAgo-guide-target complex as
the functional form is conducted in Supplementary Figure
S32, and one can qualitatively derive the same conclusion
that incubating with urea will adjust the N domain closer
to its functional state (19).

The above analysis of the MD-derived structure of PfAgo
with and without urea indicates that the partially-disrupted
thermophilic pAgos discovered in the present work corre-
spond to a structure in which the internal core of the pro-
tein maintains the structure as in the crystalline one (27) (see
Supplementary Figure S31), but the greatest change occurs
on the protein surface with many salt bridges and hydrogen
bonds being broken and some surface secondary structure
getting melted. These changes on the protein surface will
loosen the overall packing of the thermophilic pAgos and
enhance their flexibility.

As reported in the literature, conformational flexibility
is essential for the cleavage function of pAgos such as the
rearrangement of catalytic sites, propagation of duplexes,
release of the product from the MID and N domains, and
changing of the binding site of the 3′-end of the guide from
the N to the PAZ domain (19,20,23,38,39). The crystal
structure of mesophilic CbAgo has many fewer hydrogen
bonds and salt bridges than those of thermophilic pAgos.
Thus, the function-required internal flexibility at moderate
temperatures might already be satisfied in its well-folded
crystal form. In contrast, the excess hydrogen bonds and
salt bridges in the crystal structure of thermophilic pAgos
as well as the resulting secondary structures will certainly
restrict the structural flexibility, which might be the key to
limiting the activity of thermophilic pAgos at moderate tem-
peratures. We note that these excess inter-residue interac-

tions and resulting secondary structures help stabilize the
structure of thermophilic pAgos and ensure that they sur-
vive the high-temperature environment. However, to reach
high activity under physiological conditions, some of these
interactions and structures need to be broken at elevated
temperatures (or when incubated with urea) to release suf-
ficient flexibility for function. The present findings reveal
an ingenious structural design in which enough hydrogen
bonds and salt bridges are present on the protein surface at
moderate temperatures to limit the functionality and stabi-
lize the structure of the biomacromolecule, but they are par-
tially melted at elevated temperatures to enhance the flex-
ibility necessary for biological function. In the meantime,
the structure of the catalytic core of the protein molecule
remains approximately intact throughout the wide temper-
ature range.

Moreover, these surface-disrupted dynamical states of
thermophilic pAgos are unlikely to be a specific structure
but rather an ensemble of structures. This can provide nu-
merous evolutionary templates for adapting to distinct en-
vironments (59–61). Given that the two thermophilic pAgos
(PfAgo and TtAgo) are much closer to the root of the phylo-
genetic tree than their mesophilic protein (24), it is tempting
to speculate that such dynamical states in protein might be
superior to highly evolved enzymes with well-defined folded
structures as starting points for the directed evolution of tai-
lored catalysts.

In the past, entropy contributions to the thermosta-
bility of thermophilic proteins have been studied by sev-
eral works using neutron scattering to compare the flexi-
bility between thermophilic proteins and their mesophilic
counterparts (55,62,63) and even the average flexibility of
biomolecules among cells living in different thermal envi-
ronments from regular to extremely high-temperature con-
ditions (64). A general finding made in these neutron scat-
tering works is that the flexibility is important for the sta-
bility of thermophilic biomolecules. Most of these studies
demonstrated that thermophilic proteins have greater struc-
tural flexibility than their mesophilic counterparts at iden-
tical temperatures (55,62,63) and revealed that this flexi-
bility could increase the unfolding free energy barrier to
directly stabilize thermophilic proteins (55). We note that
the connection between flexibility, stability, and function-
ality in thermophilic pAgos observed in the present work
is different from the findings in these previous works. The
previous studies all compared the flexibility between ther-
mophilic and mesophilic proteins at one identical temper-
ature, mostly under ambient conditions (55,62,63). In con-
trast, the present work demonstrates that under the same
ambient conditions, thermophilic pAgos are stiffer than
their mesophilic counterparts, and the high structural flex-
ibility and the associated high activity of the thermophilic
pAgos are actually achieved at physiological temperatures,
which are much higher than those under ambient condi-
tions. Second, the previous work often compares one ther-
mophilic protein to a mesophilic protein (55,62,63). In-
stead, the present work found that the partially-melted
structure is a general feature for all 6 thermophilic pAgos
as we can find. Hence, the partially-melted structure along-
side the resulting structural flexibility could be a general sce-
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nario adopted by the thermophilic species of this protein
family to achieve their high activity.

CONCLUSION

In the present work, we investigated the temperature de-
pendence of structure, dynamics, and endonuclease activ-
ity of thermophilic pAgos (PfAgo and TtAgo) and their
mesophilic counterpart CbAgo using various experimental
and simulation techniques. We made the following discov-
eries:

1. The two studied thermophilic pAgos (PfAgo and TtAgo)
possess stronger intramolecular interactions, including
hydrogen bonds, salt bridges and hydrophobic inter-
actions inside the protein core, globally over the en-
tire protein and locally at the catalytic residues, than
the mesophilic CbAgo. This renders thermal stability to
thermophilic pAgos and strongly reduces their structural
flexibility.

2. At physiological temperatures, PfAgo and TtAgo adopt
a loosely-packed dynamical structure with a partially-
melted surface which is an intermediate state between
the crystalline structure and fully unfolded state, whereas
CbAgo takes a compact crystalline structure at its opti-
mal function temperature.

3. The partially-disrupted structure breaks many hydrogen
bonds, salt bridges, and even some secondary structures
on the surface of thermophilic pAgos to release the struc-
tural flexibility, leading to high cleavage activity under
physiological conditions. This result is supported by the
biochemical assays where we disrupted the structure of
the two thermophilic pAgos by incubating them with
urea and found significantly higher DNA cleavage activ-
ity compared to that of the pristine ones. Complemen-
tary kinetic analysis revealed that the partially-disrupted
structure in thermophilic pAgos promotes its efficiency
in cleaving the DNA without affecting its affinity for sub-
strates.

Our findings of thermophilic pAgos assuming loosely-
packed dynamical structures with partially-melted sur-
faces under physiological conditions modify the existing
structure-function relationship established based on the
compact crystalline structures determined at moderate tem-
peratures. It is not only crucial for understanding the mi-
croscopic mechanism of pAgos, but also suggests a smart
design for the high-activity thermophilic proteins where a
great amount of strong inter-residue interactions is required
on the biomolecular surface at moderate temperatures to
limit the function and preserve the structural integrity, but
part of them is broken at the elevated desired temperatures
to release sufficient structural flexibility to reach high activ-
ity.
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